INTRODUCTION
Minthostachys (Benth.) Spach (Labiatae, Nepetoideae, Mentheae) is a genus of aromatic, scrambling shrubs occurring abundantly at middle elevations along the Andes from Venezuela to north-western Argentina. With small, white flowers arranged in rich pseudowhorls, the plants resemble Mentha L. from the Old World and, although the two genera are not closely related (Wagstaff, Olmstead & Cantino, 1995) , Minthostachys is in more than one way the South American counterpart of the European mints, as it is frequently collected or even cultivated as a condiment, for the preparation of tea, or for medicinal purposes (Senatore, 1998) .
Minthostachys was first described as a section of Bystropogon L'Her. by Bentham (1832) and elevated to the rank of genus by Spach (1840) . The last taxonomic study of the genus as a whole was conducted by Epling (1936) , who recognized 12 species, but emphasized the difficulty of delimiting them satisfactorily. Later, however, failing to see regional correlates between different characters, Epling & Játiva (1963) came to the conclusion that it would be preferable to treat Minthostachys as a single polymorphic species [ M. mollis (Kunth) Griseb.] . This has resulted in considerable confusion in herbaria and in the pharmacological and ethnobotanical communities, as specimens added to the collections or examined for their aromatic oil content and its uses (for example, Alkire, Tucker & Maciarello, 1994; Fournet et al ., 1996; Senatore, 1998; Cortella & Pochettino, 1999; Ciccia, Coussio & Mongelli, 2000) have sometimes been determined according to Epling's (1936) synopsis and sometimes lumped under the name M. mollis . For many years, Minthos-tachys has been in need of a revision with modern methods, a state all the more lamentable for its cultural importance and economic potential.
The molecular study presented in this paper supplements field studies and the morphological examination of herbarium specimens within the framework of a taxonomic and systematic revision of Minthostachys (A. N. Schmidt-Lebuhn, unpubl. data) . Observations during a field trip and the preliminary examination of herbarium material gave first impressions about the distribution of the morphological diversity and possible taxonomic entities (Figs 1, 2) . The most useful characters for species delimitation are the leaf dimensions, leaf shape, indument of the lower leaf surface, leaf margin serration, structure of the inflorescence, calyx size, relative calyx lobe length, and calyx indument. The corollas are relatively uniform, although quite variable in size, partly as a result of gynodioecism.
Throughout its range, populations of Minthostachys inhabit dry, open, heavily disturbed habitats, as well as moist/cloud forests, in the latter case usually as pioneer species on landslides. The moist forest populations of Argentina show the characteristically pedunculated cymes (Fig. 2I ) also found in populations from adjacent dry Andean valleys [ M. verticillata (Griseb.) Epling], suggesting conspecificity. In other areas, moist forest-dwelling populations differ markedly from those inhabiting drier, more open habitats, and cloud forest populations from Bolivia and Colombia appear remarkably similar despite the geographical distance. Common denominators and obvious ecological adaptations of most of these distinctive populations inhabiting moist or cloud forests are the large leaf size (lamina length up to 10 cm), reduced indument, and an inflorescence of distinct pseudowhorls, vs. lamina less than 5 cm long, indument variable, and an inflorescence of distinct or aggregated pseudowhorls in species from drier habitats. Only one of the species representing this group was encountered during field work, M. sp. nov. b (Fig. 2C) .
Amongst the populations predominantly inhabiting drier, open habitats, several morphologically and geographically well-distinguished species can be readily identified. These include M. acutifolia Epling ( Fig. 2A) and M. ovata (Briq.) Epling (Fig. 2F ) from Bolivia, and M. spicata (Benth.) Epling (Fig. 2H) and M. sp. nov. a (Fig. 2J ) from Peru. However, dry to mesic open habitats are also inhabited by the most complicated and, at the same time, the most common and widely distributed complex in the genus that is characterized by a matted-strigose indument on the lower leaf sides, often with the tendency to spread away from the veins at right angles. It exhibits a chaotic variability in leaf shape [1-3( − 4) times as long as wide; apices attenuate, acute, acuminate, or rarely obtuse; bases rounded, weakly attenuate, acute, obtuse, or rarely subtruncate or cordate], inflorescence structure (pseudowhorls distinct or aggregated, few to numerous, with very variable number of flowers), and flower size [calyx (2.0-)2.5-4.5( − 5.0) mm; corolla tube 2-5( − 6) mm]. The complex is treated as a single species with three varieties in the forthcoming revision, but here is still separated into M. mollis (Kunth) Griseb. (Venezuela to central Peru; Fig. 2E ) and M. mandoniana (Briq.) Epling (southern Peru to Bolivia; Fig. 2D ). Other names pertaining to the group have been published, such as M. tomentosa (Benth.) Epling (tentatively recognized as distinct by Epling, 1936 Epling, , 1937 , Bystropogon canus Benth., and B. pavonianus Benth. (both synonymized by Epling, 1936 under M. mollis ) .
In addition to these relatively widely distributed species, two populations were sampled that constitute very distinct local endemics: small-leaved M. andina (Britton ex Rusby) Epling of the Bolivian Sorata valley (Fig. 2B) and Ecuadorian M. sp. nov. c (Fig. 2G) , which is morphologically intermediate between M. mollis and the moist forest populations of Colombia and Venezuela.
The above observations prompted several questions which are addressed here using amplified fragment length polymorphism (AFLP) (Vos et al ., 1995) , a technique which has been successfully employed for phylogenetic analyses of very closely related species (for example, Zhang, Comes & Kadereit, 2001; Bänfer, Fiala & Weising, 2004 Fig. 2D ) was found next to specimens of Clinopodium vanum ( Fig. 2L ), some of which showed morphological characters suggesting introgression between the two species ( Fig. 2K ). 3 To evaluate a genetic basis for the potential delimitation of species in the M. mollis / M. mandoniana / M. tomentosa complex. The group shows considerable variation in leaf shape, a character crucial in the differentiation of other species of the genus, but seemingly without regional correlation in this group. Any deviation from clustering according to geographical proximity could be interpreted as indicative of taxonomic boundaries. AFLP procedures were performed as described in Schmidt-Lebuhn, Kessler & Müller (2005) , except for the following changes. The restriction and ligation step was extended to 4 h, and selective amplification products were separated on an ABI 3100 capillary sequencer (Applied Biosystems) together with a labelled 50-500 bp sizing standard. For selective amplification, six different primer combinations were tested on a small number of samples for their level of variability within and between species. Two of them, Eco + AAG/Mse + CAT (E33/M50) and Eco + ACT/ Mse + CAT (E38/M50), were chosen for the fingerprinting of all samples. Raw AFLP fragment data were analysed using Genographer 1.6.0. A binary data matrix was produced, scoring fragments between c. 50 and 500 bp of length as present (1) or absent (0). To test for the reproducibility of the results, a limited number of samples were amplified and analysed twice. Reproducibility was very high, apart from fluctuations in general amplification strength, which could be compensated to a certain degree with the 'normalize' function of Genographer.
DATA ANALYSIS
AFLP data were submitted to phenetic, cladistic, and principal coordinates (PCO) analyses. For phenetic cluster analysis, two distance measures were employed. The binary AFLP matrix was entered directly into PAUP* 4.0b10 (Swofford, 2002) , and a heuristic search for a minimum distance tree was conducted with total character difference (equals squared Euclidean distance for binary data) as the distance measure, starting trees obtained by neighbour joining. Statistical support for individual branches was evaluated using the bootstrap method (Felsenstein, 1985) with 1000 replicates. In addition, a matrix of Nei & Li (1979) restriction site distances was calculated from the binary AFLP matrix with the genetic distance estimation program of the Treecon software package (Van de Peer & De Wachter, 1994) . This method takes into account shared fragments only, but not shared absence of fragments, thus reducing the amount of homoplasy. The distance matrix was entered into PAUP* 4.0b10 (Swofford, 2002) , which was again used for heuristic search for a minimum distance tree, starting trees obtained by neighbour joining. It was necessary to supply PAUP* with a prepared matrix, because Nei & Li (1979) distances are apparently not calculated correctly by the program itself (A. N. Schmidt-Lebuhn, pers. observ.), but unfortunately this also prevented the evaluation of statistical support through the bootstrap. The matrix of Nei & Li (1979) distances and parts of it were also submitted to PCO analysis (Gower, 1966) on SYSTAT 7.0 for Windows (SYSTAT, 1997) to visualize the relative genetic similarity in two-dimensional scatter plots.
For the cladistic approach, PAUP* 4.0b10 was used to conduct an unweighted maximum parsimony analysis of the binary AFLP data matrix with the following options: MulTrees, tree-bisection-reconnection branch swapping, starting trees obtained via random stepwise addition with 1000 repetitions, branches collapsed if maximal branch length is zero, and MaxTrees set to increase without limits. Statistical support for individual branches was evaluated using the bootstrap method with 1000 replicates, with only ten random stepwise addition replicates and MaxTrees set to 10 000.
An attempt was made to root all phenograms and trees with Clinopodium (Xenopoma) as outgroup.
Because it was not possible to make the ingroup monophyletic in this way, only C. axillare and C. bolivianum were subsequently used as outgroup.
RESULTS
The two chosen AFLP primer combinations yielded 114 and 110 scorable fragment positions, respectively. Nineteen (8.5%) of these 224 fragment positions were constant, i.e. present in all samples, four (1.8%) were parsimony uninformative, i.e. presence or absence was restricted to a single sample, and 201 (89.7%) were variable and informative. Pairwise Nei & Li (1979) distances ranged from 0.0084 to 0.3568 for Minthostachys and from 0.0084 to 0.5104 for all samples; the pairwise total character difference ranged from 2 (0.9%) to 84 (37.5%) for Minthostachys and from 2 (0.9%) to 98 (43.8%) for all samples.
The phenogram based on the total character difference (Fig. 3) The exclusion of C. vanum results in both analyses placing M. spicata as the most basal species of the genus, but with very low to no bootstrap support, and M. mandoniana of Charazani is grouped with other Bolivian samples (not shown).
PCO analysis of all samples of the ingroup ( Fig. 4A ; 45.3% of the total variance explained by the first two axes) discriminates mostly geographically, producing one cluster each of northern and central Ecuadorian, northern and central Peruvian, and remaining (mainly southern Peruvian, Bolivian, and Argentinean) samples. The PCO plot of all Bolivian samples of the ingroup (Fig. 4B; 70 .3% of the total variance) shows M. acutifolia and M. ovata as closely related, but well-defined species, although samples of both species were collected from distant parts of their respective distributions. The six samples of C. vanum, by contrast, are highly dispersed in the plot, even though they were collected from the same population, and M. andina and M. sp. nov. b from Bolivian Sorata do not form separate clusters despite their great morphological divergence. This situation is also reproduced in a PCO analysis including only the samples from Sorata ( Fig. 4C; 61 .3% of the total variance). In a PCO plot of all samples of the M. mollis/M. mandoniana/ M. tomentosa complex and four additional specimens of other species included because of their placement in the phenograms, samples from northern and central Peru form a very dense cluster despite their heterogeneity in leaf shape and habit ( Fig. 4D; 66 .8% of the total variance). In contrast, southern Ecuadorian populations are depicted as genetically closer to Bolivian populations than to their geographically closer central Ecuadorian counterparts. The two samples of M. sp. nov. c collected in cloud forests of northern Ecuador (prov. Carchi) form a separate group very close to Ecuadorian M. mollis, corresponding to their position in the phenetic and cladistic analyses.
DISCUSSION
Low resolution in the basal parts of the phenograms and trees indicates that AFLP is unsuitable for the reconstruction of the phylogeny of the genus. This could be either because the marker evolves too quickly or because of reticulate evolution. The latter hypothesis is preferred here because of the relative morphological uniformity of Minthostachys, evidence of hybridization (see below), and young age of the American Mentheae as a whole (C. Bräuchler, pers. comm.) .
Considering the taxonomic status of the different forms of Minthostachys, samples of M. sp. nov. a, M. acutifolia, and M. ovata were collected from popu- lations from various distant localities in the respective distributional areas, but all three species form welldefined, narrow clusters in phenetic analysis, the cladistic tree and PCO analysis, in the case of M. sp. nov. a with the exception of one relatively poor, only tentatively determinable specimen from the margin of its distribution. Only two geographically close populations each of M. spicata and M. verticillata were sampled, but their relatively isolated positions in all analyses (note especially the long branches in Fig. 3 ) -in the case of M. spicata despite the geographical proximity to M. mollis s.l. -suggest that these taxa are also genetically distinctive units. These five cases of morphologically and genetically equally distinct species add support to the notion that the delimitation of species in Minthostachys is more feasible than argued by Epling & Játiva (1963) .
By contrast, reproductive isolation between many if not all species seems to be weak. Samples of M. sp. nov. b are placed with morphologically divergent populations of geographical proximity. This is most probably only partly a result of repeated and independent origin of cloud forest taxa -which unfortunately can neither be demonstrated nor ruled out with the available data -but also caused by genetic exchange with local species of drier habitats. Although there can hardly be a more different pair of species in Minthostachys, morphologically and ecologically, than M. andina and M. sp. nov. b (Fig. 2B, C) , and although both are obviously stable entities without a swarm of habitual intermediates (A. N. Schmidt-Lebuhn, pers. observ.), the AFLP data suggest that their total genomic constitutions have been mixed up by introgression (Fig. 4B, C) .
Especially remarkable is the case of C. vanum. Typical representatives of the species are morphologically well differentiated from Minthostachys by less distinctively bilabiate calyces and larger corollas, and at least from most species of Minthostachys by a much shorter calyx indument and shorter calyx teeth. However, plants growing in the immediate vicinity of M. mandoniana near Charazani, Bolivia were morphologically very heterogeneous with regard to these characters and inflorescence structure, suggesting introgression. Although only one specimen of M. mandoniana was found in the area, and no pure population of C. vanum was encountered during field work, preventing a more detailed molecular study, the scattered distribution of C. vanum in the PCO plot (Fig. 4B ) and the placement of the Minthostachys sample amongst C. vanum in the phenograms (Fig. 3) and trees support this conjecture. Gene flow between Minthostachys and the Xenopoma group adds to morphological and ITS rDNA data that indicate a close relationship of the groups (A. N. Schmidt-Lebuhn, unpubl. data). In addition, the observation that reproductive isolation between Minthostachys and another genus seems weak enough to allow introgression indicates that an absolute lack of gene transfer is not a suitable criterion for the delimitation of species in Minthostachys.
The M. mollis complex presents an interesting case of discrepancy between molecular and morphological variability. Although specimens of M. mollis from Ecuador and Peru show the same plasticity in leaf and inflorescence characters, and cannot, for the greater part, be distinguished on morphological grounds, they appear to be genetically sharply distinct, with the division situated in Ecuador. Northern and central Peruvian samples, despite being dispersed over an area equalling the distance from the northernmost Peruvian populations to northern Ecuador, and including very diverse morphological types, form a remarkably tight cluster in all analyses. In contrast, M. mandoniana, the south Peruvian and Bolivian counterpart of M. mollis, is morphologically comparatively uniform, especially with regard to leaf apex and base shapes, but the two samples included in this study tend to cluster with other species of their geographical area.
In conclusion, the genus gives the impression of a strongly reticulating system. Several well-defined species can be identified, but reproductive isolation appears to be weak overall, and is in many cases probably only effected by geographical barriers, as in the cases of M. acutifolia and M. ovata, which are separated by the Cordilleras Maso Cruz and Tunari in Bolivia. In situations in which two species occur sympatrically, ecological factors (for example, forest habitat vs. dry, open habitat) can be expected to select for different morphological and physiological traits (for example, large glabrous leaves vs. small hairy leaves), thereby stabilizing them despite presumed regular gene transfer. To disregard the striking regional and ecological differentiation by lumping the whole genus in one species is certainly inappropriate and would obstruct an understanding of the morphological, genetic, and ecological variability. It therefore seems advisable to apply the phylogenetic species concept (Nixon & Wheeler, 1990) to Minthostachys. It allows for genetic exchange with other species, as long as this does not inhibit the independent evolutionary development of these populations (Luckow, 1995) , a remarkably accurate description of the situation of M. andina and M. sp. nov. b.
In contrast to sequence data, which are used to construct gene phylogenies or haplotype networks, AFLP assesses the total genomic constitution of the samples. In previous studies, AFLP has been used successfully for the reconstruction of the phylogeny of groups of closely related species (Zhang et al., 2001; Gobert et al., 2002; Bänfer et al., 2004; Schmidt-Lebuhn, Kessler & Kumar, 2006) , as well as studies of population genetics (Sawkins et al., 2001; Sgorbati et al., 2004) . Whether the first form of use is feasible probably depends on the genetic population structure and the evolutionary pathways at work in the group, as a very reticulate evolutionary history can be expected to cloud the resolution of total genomic markers, but can probably be demonstrated by gene phylogenies. In the present case, the degree of genetic isolation of some species and a limited number of species relationships could be elucidated, but phylogenetic questions will have to be addressed using sequence markers.
